Cytochrome c is known as an electron-carrying protein in the respiratory chain of mitochondria. Over the last 20 years, however, alternative functions of this very versatile protein have become the focus of research interests. Upon binding to anionic lipids such as cardiolipin, the protein acquires peroxidase activity. Multiple lines of evidence suggest that this requires a conformational change of the protein which involves partial unfolding of its tertiary structure. This review summarizes the current state of knowledge of how cytochrome c interacts with cardiolipin-containing surfaces and how this affects its structure and function. In this context, we delineate partially conflicting results regarding the affinity of cytochrome c binding to cardiolipin-containing liposomes of different size and its influence on the structure of the protein and the morphology of the membrane.
Introduction
At first glance, writing a review focusing on cytochrome c ( Fig. 1 ) seems to be a superfluous task, because this elementary heme protein has been researched now for nearly 75 years (Edman 1979; Alvarez-Paggi et al. 2017) . The number or research papers on cytochrome c is enormous and it is still increasing every year. In view of the fact that cytochrome c seems to be a comparatively simple protein in structural and functional terms, skeptics might suspect that any results reported nowadays merely constitute incremental progress and that the broad field of biophysical chemistry has more pressing issues to worry about than answering any open questions regarding cytochrome c. Is there anything new under the sun?
A closer look at the history of research on cytochrome c reveals that the interest of researchers has been refocused several times. The discovery of cytochrome c by Keilin identified it as an electron transfer protein in the respiratory chain of parasites (Hartree 1973) . After the pioneering work of Theorell and Åkesson (1941) , who identified five different protonation state of oxidized cytochrome c (Fe 3+ , cyt o ), it took quite some time before the availability of the crystal structures of the different oxidation states of the protein (Tanaka et al. 1975; Takano and Dickerson 1981; Bushnell et al. 1990; Louie and Brayer 1990; Berghuis and Brayer 1992; Sanishvili et al. 1995; Numata et al. 2015) facilitated in-depth studies of the electron transfer processes by which the protein shuttles electrons from the CoQH2-cytochrome c reductase to the cytochrome c oxidase complex (Smith et al. 1977; Speck et al. 1979; König et al. 1980; Trumpower 1990; Therien et al. 1991; Trumpower and Gennis 1994; Hunte et al. 2002) . In the 90s, cytochrome c became an ideal laboratory for protein folding/unfolding studies from which researcher learnt how changes of pH, ionic strength, temperature, and denaturant concentration could produce different unfolded states of the same molecule (Bai et al. 1993; Elöve et al. 1994; Colón et al. 1996; Pinheiro et al. 1997; Takahashi et al. 1997; Yeh et al. 1997; Englander et al. 1998 ). The foldon model of Englander and coworkers (Englander et al. 1998) , which is now being frequently applied to other proteins (Bhardwaj et al. 2008; Englander and Mayne 2017) , also emerged from studies on cytochrome c folding. The structural characterization of the protonation states of oxidized cytochrome c by optical, resonance Raman, and NMR spectroscopy revealed multiple non-native conformations in which the natural M80 ligand is replaced by a lysine residue, a hydroxl ion, or a water molecule (Cohen and Pielak 1994; Döpner et al. 1998; Rossel et al. 1998; Assfalg et al. 2003; Alessi et al. 2010) . Based on these results, the question arose to what extent structural changes from the native, folded state into non-native, partially unfolded states bestow new functions on the protein.
Textbook wisdom stipulates that a protein can only function in its fully folded state. However, research conducted over the last 20 years revealed additional peculiar functionalities of the protein that seem to require that the protein adopts a non-native conformation. The most prominent among them is the ability to acquire peroxidase activity, which facilities the protein's release from inner mitochondrial space and its subsequent involvement in mitochondrial apoptosis (Jiang and Wang 2004) . Alternatively, in the presence of H 2 O 2 , cytochrome c released from mitochondria into the cytoplasm can facilitate the aggregation of α-synuclein (Hashimoto et al. 1999 ), a process implicated in Parkinson disease. Moreover, the protein can function as a scavenger of superoxide, an important reactive oxygen species (ROS) (Atlante et al. 2000; Paradies et al. 2000) . Reduction of cytochrome c by O 2 − in the intermembrane space interferes with its role as electron acceptor in the respiratory chain. Finally, it is noteworthy that multiple lines of evidence suggest that the protein undergoes structural changes upon its interaction with, e.g., cytochrome c oxidase and cytochrome c peroxidase (c.f. the review article of Hannibal et al. for a summary, detailed references will be given below) (Hannibal et al. 2016) . As indicated, the protein has to change the ligation state of its functional heme group and most likely also the spin state of the heme iron in order to perform some of these functions. This notion particularly applies to its peroxidase activity, because the native protein with its heme iron in a hexacoordinate low-spin state with histidine and methionine as axial ligands is ill equipped for this purpose owing to the low accessibility of the active site to the solvent and the inability of M80 to accept a proton. However, since the heme coordination with methionine is pivotal for maintaining the high redox potential of the protein (Battistuzzi et al. 2002) , such changes would eliminate its primary function, namely its electron transfer capability. It is unclear how the protein is balancing these rather essential yet competing tasks.
Cardiolipin (CL) plays a major role in regulating the binding of cytochrome c to and its function on the inner membrane of mitochondria owing to its two phosphate head groups that can strongly interact electrostatically with cytochrome c. The protein has an abundance of positively charged groups on its surface (Sanishvili et al. 1995) . Work aimed at exploring the determinants of the peroxidase activity of cytochrome c has mostly utilized cardiolipin-containing liposomes as model systems for the inner membrane of mitochondria. CL is generally mixed with neutral, zwitterionic phospholipids to mimic the mixtures of the inner mitochondrial membrane (Fig. 2 ) (cf. (Hannibal et al. 2016 ) and references cited therein). Some researchers have focused on binding studies (Rytöman et al. 1992; Rytöman and Kinnunen 1994; Heimburg and Marsh 1995; Gorbenko et al. 2006; Sinibaldi et al. 2008; Pandiscia and Schweitzer-Stenner 2015a, b) , others on exploring the structure of the protein with spectroscopic means (Heimburg et al. 1991; Oellerich et al. 2004; Sinibaldi et al. 2010; Hanske et al. 2012; Capdevilla et al. 2015a; Mandal et al. 2015) . Work of the Kagan group has revealed great insight with regard to the external conditions that favor peroxidase activity (Belikova et al. 2006) . There is also a limited number of studies from the groups of Kagan and Nantes that compare cytochrome c binding to liposomes and the inner mitochondrial membrane (Belikova et al. 2006; Kawai et al. 2009 ). Fluorescence microscopy studies probing the influence of cytochrome c binding to CL-containing giant unilamellar vesicles by Groves and coworkers revealed valuable information about theoretically predicted lipid demixing (Heimburg et al. 1999) involving the formation of CL-rich domains (Beales et al. 2011; Bergstrom et al. 2013) .
While there is a rather voluminous literature documenting these latest research activities on cytochrome c, a clear and unambiguous picture of different modes of cytochrome c Fig. 1 Cartoon representation of horse heart cytochrome c with a focus on the active site at the heme group (PDB 1AKK) (Banci et al. 1997) . The central iron complex of the heme group is indicated in brown. The zoomed in image visualizes the covalent attachment of the heme to the CxxC motif flanked by C14 and C17. The axial ligands H18 and M80 are labeled as well for the reader's orientation. The figure was taken from Soffer (2013) binding to anionic phospholipid membranes and their respective biological significance has still to emerge. As we will show in this article, the results of binding studies are in fact partially contradictory, which is not always being appreciated by researchers in the field. Studies examining structural changes of membrane-bound proteins and morphological changes on membrane surface are not frequently related to binding studies. There is currently no clear understanding about the exact structural requirements for cytochrome c to function as a peroxidase. Finally, the specifics of hydrophobic interactions in general and the role of a proposed lipid insertion into the hydrophobic interior in particular have still to be clarified. It is thinkable that the latter is a prerequisite for CL-oxidation to occur (Kagan et al. 2005; Abe et al. 2011) .
This review has two main goals. First, we will compare the results of different binding studies and highlight the differences with regard to experimental protocols and obtained results. In this context, we will discuss different thermodynamic models that have been used to describe the binding of (mostly though not exclusively oxidized) cytochrome c to anionic membrane surfaces. We will discuss how conformational transitions, protein aggregation, phase transitions of the membrane (lipid-lipid demixing), and protein insertion can affect the binding isotherms. Second, structural studies will be reviewed and related to the results of binding studies. In this context, the review also draws the attention of the reader to studies of cytochrome c function. This section will highlight the conditions at which the studies of electron transfer and peroxidase activity have been conducted and how the latter might be related to binding processes and structural changes. Finally, resolved and, more importantly, unresolved issues on which researchers might want to focus in the future will be highlighted. Needless to say, that even a rather comprehensive review cannot cover all interesting topics in depth, certainly not in the field of cytochrome c-surface interactions. We will pay not much attention to how the properties of membranes are affected by the presence of cardiolipin, which is a subject of a very nice review by Lewis and McElhaney (2009) . Neither will we discuss how the lipid chemistry of cardiolipin (e.g., the existence of double bonds) affects its interaction with cytochrome c (Kagan et al. 2005; Abe et al. 2011; Ruíz-Ramírez et al. 2015) . Interactions of cytochrome c with non-biological surface will be mentioned only when it fits into the context. If the reader wants to inform him/herself about other non-classical functions of this protein and about its role in the apoptopic process, he/she should consult the review of Hüttermann et al. (2011) . A recently published very comprehensive review by Alvarez-Paggi et al. informs the reader about the structural and functional properties of a large variety of cytochrome c derivatives (Alvarez-Paggi et al. 2017 ).
Analysis and comparison of binding studies
In this section, we focus on studies of cytochrome c to anionic lipid surfaces which have been carried out over the last 25 years. A particular emphasis will be put on experimental work accompanied by theoretical analyses. Before going into details, it has to be emphasized that investigations of cytochrome c binding to charged lipids had actually started in the 70s. Results of these studies suggest that cytochrome c has a high affinity for binding to anionic lipids, particularly cardiolipin, that this binding is predominantly electrostatic in nature, that it might involve penetration into the membrane, and that it causes conformational changes of the protein (De Kruijff and Cullis 1980; Heimburg et al. 1991; Spooner and Watts 1992) . Of particular interest is a paper by de Kruijff and Cullis which provides evidence for the formation of an inverted hexagonal H II phase on the inner site of cardiolipin vesicles upon cytochrome c binding (De Kruijff and Cullis 1980) .
The binding studies of the Kinnunen group
Over a period of 20 years, the study of cytochrome c binding to anionic lipids by Kinnunen and associates has greatly influenced the field. The basic model that emerged from this work still frames all current discussion of cytochrome-lipid Fig. 2 Structure of tetraoleoyl cardiolipin (TOCL), a common CL derivative used in many studies described in this review interactions. Therefore, these works deserve to be discussed in great detail in this review.
Let us start with basic aspects of their experimental protocol (Rytöman et al. 1992; Rytöman and Kinnunen 1994; Rytömaa and Kinnunen 1995) . They investigated different types of anionic lipids (e.g., cardiolipin and phosphatidylglycerol) with zwitterionic lipids and small fractions of fluorescent-labeled phosphocholine lipids (PPHPC:1-palmitoyl-2-[6-(pyren-1-y] hexanoyl-sn-glycero-3-phosphocholine, PPDPC: 1 -p a l m i t o y l -2 -[ 6 -( p y r e n -1 -y l ) ] d e c a n o y l -s n --glycero-3-phosphocholine) by recording the fluorescence of the latter as a function of the added cytochrome c concentration. Owing to fluorescence resonance energy transfer (FRET) from these fluorophores to the heme group, their fluorescence is quenched. Thus, binding isotherms can be obtained via fluorescence titration. The results of a very representative set of experiments are shown in Figs. 3 and 4 (Rytöman et al. 1992) . The displayed data sets reflect the fluorescence quenching of the donor due to oxidized cytochrome c (cyt o ) binding to the surface of large unilamellar micelles (LUVs) composed of 10 mol% cardiolipin (CL), 5 mol% PPHPC, and 15 mol% egg phosphatidylglycerol (PG) for different pH values. CL was taken from bovine heart. Obviously, the fluorescence quenching and the apparent binding affinity observed at pH 7 were significantly lower than the corresponding values observed at more acidic pH (4, 5, and 6, Fig. 3 ). To check whether the binding to cyt o might be electrostatic in nature, Rytömaa et al. measured the fluorescence intensity of the above cyt o -vesicle mixtures as a function of NaCl concentration (Fig. 4) (Rytöman et al. 1992) . At pH 5, 6, and 7, the addition of salt lead to a recovery of fluorescence, which indicates a reduction of cyt o binding. However, complete fluorescence recovery (i.e., total elimination of cyt o binding) was achieved only at pH 7. The behavior at pH 4 was found to be totally different; here, the data indicate further fluorescence quenching. Similar results were obtained with MgCl 2 as salt, which emerged as an even stronger binding inhibitor. The addition of ATP, ADP, and AMP led to a similar pH-dependent reduction of fluorescence quenching.
The results of the above described experiments led Kinnunen and coworkers to propose that the charge density on the surface of vesicles is a key determinant of cytochrome c binding (Rytöman and Kinnunen 1994) . To test this hypothesis further, they investigated the binding of cyt o to LUVs with different cardiolipin content. For this experiment, the authors used fluorescence-labeled CL as donor (1-palmitoyl-2[10-(pyren-1-yl)]decanyl-sn--glycerol-3-phosphoglycerol). PG was again used as anionic lipid. Figure 5 shows (a) that apparent binding affinity and fluorescence quenching level increases with cardiolipin content and (b) that binding inhibition by ATP decreases with increasing cardiolipin content and that it is practically absent for CL fractions above 50%. A similar observation was made for NaCl-induced inhibition. The observed influence of the increasing fraction of anionic lipids on cyt o binding is not cardiolipin specific, since similar results were obtained with PG. In all these experiments, the concentration of alkyl chains was kept constant. The obtained results seem to corroborate surface charge density as an important determinant of cyt o binding.
Another important quite puzzling experiment on cyt o binding to CL-containing liposomes has been carried out by Rytömaa and Kinnunen (1995) . First, they allowed 1.2•10 −7 M cyt o to react with a 1.06•10 −6 M mixture of CL (17.6 mol%), PC, and 1 mol% PPDPC (Fig. 6 ). Subsequently, they added liposomes without any .0 (open triangles), or 7.0 (solid triangles). The figure was taken form ref. (Rytöman et al. 1992) fluorescence label to the mixture. The CL-content of the non-labeled liposomes was varied (17.6, 33.3, and 100). Interestingly, the addition of non-labeled liposomes led only to a minimal recovery of fluorescence emission, which seem to indicate that cyt o binding was not reversible. Some fluorescence increase (binding inhibition) was obtained if the unlabeled liposomes were added to cytochrome c prior to the labeled ones. A similar experiment where CL was replaced with PG led to a very slow fluorescence recovery.
The situation was observed to be different if a fraction of PG was substituted by lyso-PG. The elimination of an alkyl chain decreased the level of fluorescence quenching while it had no discernible effect on the apparent binding affinity. Interestingly, the addition of non-labeled liposome caused substantial fluorescence recovery/binding inhibition, very much in contrast to what was observed for intact PG and CL containing liposomes.
How do all these observations fit together? Rytömaa and Kinnunen derived the following picture from their combined observations (Rytöman et al. 1992; Rytöman and Kinnunen 1994; Rytömaa and Kinnunen 1995) . At neutral and slightly acidic pH, cyt o binding to CL is electrostatic in nature and occurs via the so-called A-site, which was later identified with a patch of positively charged lysine groups (Fig. 7) . Upon decreasing the pH, one of the phosphate groups becomes (filled circle), and 100 (filled rhombus). The upward arrow indicates the gain in fluorescence due to the addition of 150 mM NaCl. The lipid concentration indicated on the abscissa refers to the concentration of phosphate groups. The + data points were obtained for a cytochrome c concentration of 123 nm, at which non-labeled liposomes with 17.6 mol % CL were added. The figure was taken form ref. (Rytömaa and Kinnunen 1995) protonated thus reducing the possibility of electrostatic binding. Now another mechanism, the so-called C-site binding, takes over. It involves hydrogen bonding between the protonated phosphate group and the N52 side chain of the protein. C-site binding is therefore not amenable to inhibition by the addition of salt and nucleotides. In line with some reports in the literature, the authors explained the high apparent pK value of the phosphate group with the presence of a second negatively charged group and a higher effective hydronium ion concentration on the surface of their liposomes (in other words, they assumed the existence of a Stern-layer formed by hydronium ions). In their earlier papers, Rytömaa et al. (1992; Rytöman and Kinnunen 1994) invoked the possibility that binding to CL involves the penetration into the liposome interior where the protein could induce the inverted hexagonal phase of the innermembrane reported by De Kruijff and Cullins (1980) . However, at a later stage, they replaced this idea by the so-called extended lipid insertion model, which predicts that one of the CL alkyl chains moves into the hydrophobic cavity of the bound protein (Rytömaa and Kinnunen 1995; Tuominen et al. 2002) . This lipid insertion was proposed to occur subsequently to both, A-and C-site binding. Naturally, such a peculiar lipid/protein interaction would doubtless add a very hydrophobic component to the binding process and significantly enhance the binding affinity. This model was later corroborated by the observation that brominated lipid derivatives of CL quenched the fluorescence of cytochrome c in which iron was substituted by Zn 2+ (Tuominen et al. 2002) .
Several attempts have been made to arrive at a quantitative analysis of fluorescence titrations of cyt o to fluorescence-labeled membranes. Here, we focus on the work of Gorbenko et al. (Domanov et al. 2005; Gorbenko et al. 2006; Trusova et al. 2010) , since it offers the most comprehensive theoretical approach which we discuss in some detail in the following. The authors described the binding process itself in terms of a scaled particle theory approach of Minton (1995 Minton ( , 2000 , which considers the dependence of the effective equilibrium constant on the liposomes' surface occupancy by the protein. The somewhat convoluted binding isotherm was written as follows:
where i labels the binding site to which the protein binds with an apparent binding constant K i . In the Minton theory, i actually denotes the conformation of proteins on the surface rather than binding site. ρ i is the number density of proteins bound to site i.
] f is the free cytochrome c concentration in the bulk. The activity coefficient for the ith-site is given by:
a i and s i are area and circumference of the ith binding site. 〈ρ〉 is the average number density of bound proteins, and 〈ρa〉 is the average product of number density and binding area. In their paper, Gorbenko et al. considered only one type of binding site/protein conformation. In such a case, the activity coefficient solely depends on the CL-fraction and on the number of already bound proteins. As shown by Minton (2000) , the activity term accounts for a reduced binding at very high protein concentration, or alternatively at low lipid/protein ratios.
In order to account for the assumed electrostatic character of the investigated binding processes, Gorbenko et al. invoked the theory of Heimburg and Marsh (1995) , who formulated the electrostatic component of the binding constant as follows: Fig. 7 Proposed bindings sites (shown in gray) on the surface of cytochrome c, illustrating the Asite, L-site, or the C-site as described in the text (PDB: 1AKK) (Banci et al. 1997 ). The figure was taken from Soffer with permission (Soffer 2013) 
where T is the absolute temperature, k B is the Boltzmann constant, and ΔF el is the gain in electrostatic free energy upon cytochrome c binding which is of course a function of the number of adsorbed proteins. ΔF el was calculated as follows: is the electronic energy of the protein in solution. The electrostatic free energy of cytochrome c in solution was calculated using classical theories describing uniform spherical spheres. The authors claimed that they used the classical Gouy-Chapman theory to calculate the free electrostatic energy of the utilized liposomes with and without adsorbed proteins, but unfortunately they do not clearly state the conditions for which their solution is valid. 1 Since they explicitly considered the neutralization of surface charges by cations of added salt, their approach goes beyond the Heimburg-Marsh theory, which solely considers the reduction of the double-layer potential caused by the accumulation of cations close to the membrane surface. Fluorescence quenching via FRET from membrane donors to heme acceptors were modeled using the classical Förster theory as formulated for surface attached proteins (Dale et al. 1979) . The results of their analysis suggest that there are indeed two modes of cytochrome c binding to CL-containing liposomes and that the transition between the two modes depends on the protonation state of the respective phosphate groups. The effective binding affinities of the two protonation states are quite different. As shown in Fig. 8 binding can be inhibited by adding NaCl and/or adenine nucleotides. These two very conflicting observations cannot be reconciled by assuming a two-step mechanism, i.e., electrostatic binding followed by, e.g., the insertion of an extended lipid chain into the cytochrome c cavity. If the latter step is irreversible on a measurable time scale, the addition of NaCl cannot make the binding process reversible, irrespective of whether it is added prior or after the addition of cytochrome c. The fluorescence titration curves reported in several papers of the Kinnunen group are clearly indicative of an equilibrium binding process; in the case of irreversible binding, the initial slope would be linear until a saturation level is reached. If the binding was really irreversible, the hyperbolic and sigmoidal response curves of, e.g., Trusova et al. (2010) would indicate a reduction of fluorescence quenching with increasing binding. Finally, it must be noted that their A-site/C-site model is based on the assumption that one of the two phosphate groups of cardiolipin has a comparatively high pK value which allow for its protonation below pH 6 (Olafsson and Sparr 2013) . This notion has been discussed controversial in the literature for some time, but has recently been debunked by three mutually corroborating experimental studies. First, an IR-study of CL-containing liposomes by Malyshka et al. used the marker bands for protonated and deprotonated phosphate groups to show that the protonation of the respective phosphate groups only occurs at pH values below 4 (Malyshka et al. 2014) . Their results were later confirmed by a more comprehensive study of Sathappa and Alder via measurements of zeta potentials (Sathappa and Alder 2016) and surface charge densities and by a 31 P NMR study of Kooijman et al.(2017) . It is obvious that A-site binding must involve positively charged lysine groups on the proteins surface. Site-directed 1 Contrary to the authors claim, Eq. 9 of their paper has not been reported by Jähnig (Jähnig 1976 ). Heimburg and Marsh use the high potential limit approximation of Jähnig for their own modeling of cytochrome c binding to anionic lipid surface (Heimburg and Marsh 1995) . Their eq. 10 is clearly distinct from Eq. 9 of Grobenko et al. (Sinibaldi et al. 2013) . Interestingly, these are also residues which function as sixth ligand in the different state IV isomers of cyt o in solution (Döpner et al. 1998; Blouin et al. 2001) .
The lipid insertion model is accepted by many researchers in the field, because there are several lines of indirect experimental evidence in its favor (Abe et al. 1978; Tuominen et al. 2002; Kalanxhi and Wallace 2007; Sinibaldi et al. 2010 ).
However, several open questions remain. We will return to this issue below when we discuss possible protein conformations on anionic surfaces.
Modeling of electrostatic binding of cytochrome c to anionic liposomes
In the last section, we briefly described how a theory mostly based on the electrostatic binding model of Heimburg and Marsh was used to describe the binding of cyt 0 to CL-containing liposomes under a variety of conditions (different CL-content of liposomes, different pH, ionic strength, etc.) (Heimburg and Marsh 1995) . Here, we briefly review their own attempt to analyze the binding of cyt o to DOPG at neutral pH. Proteins were added to a suspension of lipids which formed multilayers only after their addition. The concentration of bound proteins was deduced from the bulk concentration determined by ultracentrifugation. The authors measured binding isotherms for a large number of solutions with ionic strengths varying between 0.21 and 104 mM. In their theoretical approach, they considered the ensemble of adsorbed proteins as a van der Waals gas for which they formulate the following binding isotherm:
where ν is the number of adsorbed proteins bound to a surface area nΔA (ΔA is the surface area covered by a single ligand). K 0 is the binding constant of an ideal highly diluted protein gas. K agg is a measure of the interaction energy between proteins in close proximity in units of RT, and σ prot denotes the number of bound ligands per liposome.
Equations (3) and (4) reveal the general concept of the electrostatic binding theory. Obviously, the use of a general applicable formalism would require a solution of the Poisson equation for a double layer, which is mathematically impossible, but analytical solutions have been developed for the low and the high potential limit (with regard to the respective formalism for the electrostatic free energy, the reader is referred to the paper of Jähnig (1976)). Heimburg and Marsh used his high potential limit formalism which for their system reads as follows:
where
α is the number of lipid charges involved in protein binding, Z is the number of charges on the ligand, σ el is the charge density on the membrane surface, and c ion is the concentration of cations in solution. Heimburg and Marsh obtained the following equation for the free electrostatic energy associated with cytochrome c binding:
with
and
where ε 0 is the vacuum permittivity.
Two aspects of the analysis of the binding data obtained by Heimburg and Marsh are noteworthy. Figure 9 shows the fits to their binding isotherms. The data clearly suggest that the addition of NaCl reduces both, the binding affinity and number of bound proteins at high ligand concentration. Interestingly, however, the authors had to use two different values for α to fit the isotherms for ionic strengths above 40 mM (11.9) and below (4.9). The authors conjectured that he low value used for the low ionic strength data reflects the formation of a double layer of proteins. For the purpose of this review, it is of interested to have a closer look on the ionic strength dependence of the apparent equilibrium constant at low protein concentrations, which varies between 8•10 4 M −1 at very low (4.35 mM) and ca. 1.5•10 3 M − 1 at high (104 mM) ionic strength. The low ionic strength value lies well below the high affinity values that emerged from the analysis of cyt o binding to CL by Kinnunen and coworkers (Rytöman et al. 1992; Rytöman and Kinnunen 1994; Domanov et al. 2005) .
The discovery of L-site binding
In a series of more recent studies, Nantes and coworkers reported the discovery of another binding site which operates only at pH values below 7 (Kawai et al. 2005) . They termed this process L-site binding. Understanding cytochrome c-cardiolipin interactions at slightly acidic pH might be important because proton pumping can lower the pH in the intermembrane space of mitochondria below 7 (Porcellli et al. 2005) . Below, we discuss the work of the Nantes group in more detail.
Experiments that first established L-site binding utilized a somewhat indirect method to probe the binding of cyt o to cardiolipin containing small unilamellar micelles (SUVs) with 50 mol% 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, 30 mol % 1,2-dipalmiyoyl-sn-glycerol-3-phosphoethanolamine, and 20 mol% bovine heart cardiolipin (PCPECL), namely the turbidity due to vesicle fusion caused by the cyt o binding to the liposome's surface. It had been observed before that a high occupation of liposomes by cytochrome can produce vesicle fusion (Oellerich et al. 2002) . Kawai et al. found that a cyt o -liposome mixture with a CL/cyt ratio of ca. 60 3 produces significant turbidity below pH 7 (Fig. 10 , (Kawai et al. 2005) ). At these conditions, liposomes are only partially covered with proteins (Pandiscia and Schweitzer-Stenner 2015b) . They explained their finding by describing cyt o as bidentate ligand with A-and L-site binding sites which are nearly opposite to each other on the protein surface (Fig. 7) . The authors applied a very thorough protocol to identify the lysine residues involved in L-site binding by comparing the induced turbidity caused by the binding of acetylated and carbethoxylated cytochrome c. Acetylation blocks all lysine groups. Carbethoxylation affects deprotonated lysines and possibly histidines. By combining carbethoxylation with a MALDI-TOF analysis of the protein and of protein fragments produced by tryptic digestion, they identified K22, K27, K87, and H33 as being actively involved in L-site binding (cf. Fig. 7 ). The pH-dependence of the observed turbidity, which indicated an effective pK value of 7, was rationalized in terms exceptionally low pK values of the lysine residues as produced by repulsive electrostatic interaction between them. A similar interaction was ruled out for A-site lysines because of a potentially larger distance between the protonable end groups of their side chains. Zeta-potential measurements ruled out the involvement of any phosphate group protonation, in line with studies (Malyshka et al. 2014; Sathappa and Alder 2016; Kooijman et al. 2017) .
A more recent follow up study of Kawai et al. deserves particular attention because it sheds more light on the biological relevance of the proposed L-site binding (Kawai et al. 2009 ). Herein, they probed the binding of cyt o to cytochrome c-depleted mitoplasts by measuring the oxygen consumption rate of the system, which is an indicator of the functionality of the respiratory chain. Mitoplasts are mitochondria devoid of the outer membrane. They found (a) that the restoration of oxygen consumption depends on the concentration of the added cyt o in a hyperbolic way, so that the response curve resembles a Langmuir isotherm. As shown in Fig. 11 , the pH dependence apparent equilibrium constant inferred from the above response data is in close correspondence with the pH-dependence of L-site binding obtained from the above turbidity measurements. Moreover, they also found that the detachment of cytochrome c from non-depleted mitoplasts exhibits a complementary pH-dependence. The authors interpreted their data as indicating the existence of two different binding processes, a pH-independent one with a very high affinity (10 8 M −1
) and low efficiency with regard to the initiation of oxygen consumption and a low affinity process with a higher functional efficiency for which the apparent affinity is 2.45•10 6 M −1 at pH 7.4 and 7.75•10 6 M −1 at pH 6.2.
Binding studies with varying lipid concentrations
The binding studies described above have in common that varying amounts of cyt o were added to a batch of liposomes, so that the lipid concentration was kept constant. An alternative strategy keeps the protein concentration constant and varies the lipid concentration (and thus the number of liposomes). Belikova et al. undertook an attempt to explore the relationship between cyt o binding to small unilamellar vesicles (SUVs) prepared with 50 mol% DOPC/50 mol% TOCL and peroxidase activity (Belikova et al. 2006 (Rytöman et al. 1992; Gorbenko et al. 2006 ). Sinibaldi et al. used visible circular dichroism to probe structural changes in the heme pocket that occurred upon the binding of horse heart cyt o to (unfortunately unspecified) liposomes with 100% bovine heart cardiolipin (Sinibaldi et al. 2008) . In its native state, the CD signal of the Soret band is a couplet, which reflects the splitting of the excited B-state caused by a quadratic Stark effect produced by the internal electric field of the protein and associated vibronic perturbations (Schweitzer-Stenner 2008) . Upon protein binding to cardiolipin, structural changes lead to a conversion of the couplet into a positive Cotton band (Fig. 12 ). This reflects a change of the internal electric field as well as the removal of the F82 residue from the proximity to the heme (Pielak et al. 1986) , which is caused by the displacement of the native M80 ligand either by a lysine or histidine side chain. Electrostatic coupling between the heme and F82 contribute predominantly to the negative signal of the native state couplet. Figure 13 shows the ellipticity measured at 416 nm as a function of the total CL concentration. Interestingly, the authors fitted their data with a sum of two Hill-type Langmuir functions, which in terms of the reported spectroscopic data read as follows: reported by the Kinnunen and Nantes groups (Rytöman et al. 1992; Domanov et al. 2005; Kawai et al. 2009 ). Sinibaldi et al. found that the addition of NaCl predominantly affected the binding to site 1. This observation led them to the conclusion that sites 1 and 2 should be identified with the A-and C-site proposed by Rytömaa et al. (1994) .
In subsequent papers, Santucci and coworkers used CD response data to investigate the influence of specific mutations on protein binding to 100% CL liposomes (Sinibaldi et al. 2013) . They found that replacing K72 by R abolishes any change of the CD signal. The data seem to indicate a reduction of the binding affinity for the second step. In another study from this laboratory, the involvement of K79 in the binding of cytochrome c to CL-containing liposomes was inferred from respective mutation experiments (Sinibaldi et al. 2017) .
In an attempt to correlate binding, structure, and function, Kapralov et al. combined measurements of the W59 fluorescence and the 695 nm absorption band to probe the binding of cyt o to 50:50 mixture of DOPC and a variety of anionic lipids, including CL (Kapralov et al. 2007 ). Among their set of the latter TOCL and DOPA were found to be most effective in changing the structure of the protein. This aspect of their study will be discussed in more detail in the subsequent section of this review. If one takes their response curves as indicators of binding, the corresponding apparent equilibrium constants should lie in the 10 4 M range. The work of the Pletneva group on cytochrome c-cardiolipin binding generally focused on structural changes of the protein and will be discussed in detail in the next section. Here, a binding experiment reported by Hanske et al. is noteworthy (Hanske et al. 2012) . They measured the change of fluorescence anisotropy of Zn-substituted cytochrome c in response to the addition of liposomes formed with 50 mol% TOCL/50 mol% DOPC. The reported size distribution of their liposomes suggest that they lie somewhere between SUVs and LUVs. Their response curve is shown in Fig. 14. The authors inferred an equilibrium constant of 1.4•10 4 M −1 from their data, but they did not elaborate on the utilized algorithm used for their analysis. Apparently, this value is even lower than the K 2 constant reported by Sinibaldi et al. (2008) Several studies exploring the binding of CL-containing SUVs have been conducted in our own laboratory over the last 3 years Schweitzer-Stenner 2014, 2015a, b; Serpas et al. 2016) . Figure 15 exhibits different sets of spectroscopic responses to the binding of cyt o to TOCL/DOPC SUVs with different TOCL content (20, 50, and 100%) at neutral pH . Taken from ref. (Hanske et al. 2012 ) with permission (7.4). Figure 15a shows the increase of W59 fluorescence which is an indication of the W59 residue moving away from the heme group during a partial unfolding process. Panel B and C show the response of the corresponding polarized fluorescence. In panel D, the data indicate changes of the circular dichroism in the Soret band region. The observable ΔΔε plotted in this figure was calculated as ΔΔε = Δε 417 -Δε 405 to eliminate the influence of varying baselines. Panel E displays the integrated intensity of the 695 nm charge transfer band which is an indicator of the Fe 3+ ligation by the sulfur atom of M80. Its disappearance at high lipid concentration reveals a conformational change involving the replacement of M80 by another ligand.
In a first attempt to self-consistently analyze the response data for the binding to 20%TOCL/80%DOPC, Pandiscia and Schweitzer-Stenner assumed two different binding sites on the protein (Pandiscia and Schweitzer-Stenner 2015a) . In this case, each of the response functions can be written as follows: (Sinibaldi et al. 2008 ) and thus again clearly lower than the values obtained from the Kinnunen and Nantes experiments (Rytöman et al. 1992; Domanov et al. 2005; Kawai et al. 2009 Kawai et al. , 2014 . Figure 16 depicts how the above spectroscopic response data change upon the addition of the indicated concentration of NaCl (Pandiscia and Schweitzer-Stenner 2015b) . On a first view, the data seem to indicate that the addition of salt inhibits cytochrome c binding: the fluorescence intensity decreases, the circular dichroism spectra become more native like (Hagarman et al. 2008) , and the 695 nm band intensity increases. However, a closer inspection of the response curves shows that the observed changes affect the amplitudes rather than the half points, suggesting limited changes of equilibrium constants, contrary to expectations from the Heimburg-Marsh model (vide supra) (Heimburg and Marsh 1995) . Instead, the data seem to indicate that proteins undergo a transition from a non-native into a more native-like state. This picture did indeed emerge from the first analysis of Pandiscia and Schweitzer-Stenner (2014) .
In a second paper, Pandiscia and Schweitzer-Stenner subjected their complete set of response data in Figs. 15 and 16 to a more thorough analysis (Pandiscia and Schweitzer-Stenner 2015b) . First, they utilized the findings of Pletneva and coworkers (vide infra) who convincingly showed that cyt o bound to CL-containing liposomes can exist in distinguishable sets of conformations (vide infra, (Hanske et al. 2012) ). One set has been characterized as compact and is likely to contain native as well non-native proteins. The other one contains more extended conformations and is therefore entirely non-native. Therefore, Pandiscia and Schweitzer-Stenner considered the following reaction:
This model assumes an equilibrium between a native-like conformation with no W59 fluorescence (nf: non-fluorescing) and a non-native fluorescing ( f ) conformation. The binding itself is reduced to a single binding step. The corresponding response function reads as follows:
The equilibrium constant K C was assumed to decrease with the cyt o occupancy on the liposome surface in a Hill type fashion. Thus, the value is low at low and high at high cardiolipin concentrations. This approach was justified with molecular crowding effects. At low lipid concentration, the occupancy is high and the space for the unfolding processes limited. This changes at high lipid concentrations. Even with this extension, the binding model is still Langmuir like. To arrive at a more realistic picture, Pandiscia and Schweitzer-Stenner invoked a theoretical concept of Heimburg and Marsh which considers surface bound proteins as van der Waals gas (Eq. 6).
The solid lines in Fig. 15 result from a fit of this model to the displayed data sets. In order to account for the NaCl-dependence of the response data (Fig. 16) , they augmented their model by assuming that the addition of salt shifts the K c values for high lipid concentrations to lower values. Thus, in accordance with findings of Hanske et al. (2012) , the addition of NaCl stabilizes the more native states. The analysis showed that the destabilization of the f-conformation can be related to a Langmuir isotherm for NaCl binding.
Details about equilibrium constants and spectroscopic parameters can be found in the paper of Pandiscia and Schweitzer-Stenner (2015b) . Here, we just focus solely on the apparent equilibrium constant K app = KK C . Figure 17 . It increases substantially with increasing cardiolipin content of the liposomes, in agreement with Rytömaa et al. (1994) Concomitantly, its variation with the cardiolipin concentration increases. For liposomes with 20 and 50 mol% CL, it decreases at low lipid concentration (i.e., high liposome occupancy) owing to a decrease in K c . For 100 mol% CL, it shows a local maximum at very low lipid concentration owing to the very high density of proteins on the liposome surface. It should be noted here that Pandiscia and Schweitzer-Stenner kept the corresponding total concentration of lipids constant so that the number of liposomes decreased with increasing CL-content.
The two-state analysis of Pandiscia and Schweitzer-Stenner was recently confirmed by a resonance Raman study which explored the spin and ligation state of the heme iron of cyt o on TOCL-containing liposomes. In order to distinguish between native and non-native-like conformations, Malyshka and Schweitzer-Stenner exploited that the oxidized native protein can be photo-reduced in the presence of potassium ferrocyanide, while non-native state with M80 replaced by another residue ligand remains unaffected . Figure 18 shows the Raman difference spectra produced by subtracting the spectra of cytochrome c-liposome (20%TOCL/80%DOPC) mixtures from the spectrum of the protein in solution for different lipid to protein ratios. In solution, the use of 442 nm excitation leads to complete photoreduction of the protein. Upon adding liposomes, an increasing number of proteins remain in the oxidized to an increasing CL concentration for TOCL/DOPC liposomes with 20% (black), 50% (red), and 100% (blue) CL-content. These curves were obtained in the presence of 100 mM NaCl for 20% CL-content, 200 mM NaCl for 50% and 100% CL-content. The two cardiolipin concentrations omitted for the fitting procedure concentrations are symbolized by triangles. The solid lines result from a fitting procedure that is described in detail in the main manuscript. Captions and figure were taken from the Supporting Information of ref. (Pandiscia and SchweitzerStenner 2015b) state, indicating the population of a non-native state with a much lower redox potential. The authors showed that the emergence of the oxidized population can be correlated with the population of the f-state as predicted by Pandiscia and Schweitzer-Stenner (2015b) .
More recently, work in our own group made contact with the L-site studies of Nantes and coworkers. Milorey et al. probed the interaction of cyt o with 20%TOCL/80%DOPC SUVs at pH 6.75 and 6.5 (Milorey et al. 2017) . Figure 19 shows the spectral response of W59 fluorescence, circular dichroism (vide supra), the 695 nm band, and another charge transfer band at 620 nm, which is generally indicative of the population of high-spin states. The population of high-spin states increases with lipid concentration and pH. It does not occur at neutral pH with the indicated lipid composition, but traces of high-spin state populations have been observed before at very high concentrations of liposomes with 50 and 100% TOCL. The data of Milorey et al. clearly show that high-spin species become predominant at high lipid concentrations and mildly acidic pH (6.5). This is important because Fig. 18 Difference spectra in the high-frequency region of resonance Raman spectra of cyt o in the presence of 20% DOPC/80% TOCL SUVs at the indicated CL concentrations, obtained as was described in the text. Positions of major bands are labeled according to band assignments of Abe et al. (1978) , and arrows indicate the evolution of extrema in the difference spectra for increasing cardiolipin concentrations. Captions and figure were taken from ref. with permission high-spin species might be much more capable to perform peroxidase reactions (Capdevilla et al. 2015b ). In addition to the above binding studies, the authors carried out resonance Raman studies, which revealed that the high-spin population is a mixture of pentacoordinate and hexacoordinate species. They attributed the observed conversion of the low-spin hexacoordinate non-native state into these high-spin species to the protonation of a histidine ligand which had replaced the native M80. This assignment is supported by recent resonance Raman studies of the Smulevich group which showed that both, H33 and H26, can form bis-His complexes in non-native states of cyt 0 produced by its interaction with cardiolipin ). Milorey et al. combined their results with those of Pandiscia and Schweitzer-Stenner to arrive at the reaction scheme in Fig. 20 , which invokes the conversion of the low-spin f-state into a non-native high-spin state owing to the protonation of the H33/H26 ligand.
Binding studies with reduced cytochrome c
All the above referenced studies have utilized oxidized cytochrome c. With regard to studies on cytochrome c-membrane interactions, the reduced state of the protein (cyt r ) has not attracted a lot of attention. That might be in part due to the much greater structural flexibility of the oxidized protein which can adopt six different states within a pH range from 1 to 12. Only the state populated between pH 4 and 8 (state III) is native (Schweitzer-Stenner 2014; Soffer and Schweitzer-Stenner 2014). The reduced native protein remains unaffected between pH 3 and 12 (Moore and Williams 1980) . Its unfolding temperature lies predominantly well above 100°C
. The reason for this stability of the reduced state lies in a protein-induced strengthening of the Fe 2+ -M80 bond (Mara et al. 2017) .
Work on cyt r interactions with anionic vesicles can be summarized as follows. Iwase et al., by means of absorption spectroscopy, observed that bovine cyt r becomes oxidized upon binding with micelles composed of 100% CL (Iwase et al. 1996) . The authors did not provide an explanation for their findings. Nantes et al. used magnetic circular dichroism (MCD) spectra of the Soret band region to probe changes in the heme environment of reduced horse heart cytochrome c upon its interaction with PCPECL liposomes (Nantes et al. 2001) . Their cardiolipin was taken from bovine heart. Though their data also seem to indicate that cyt r c becomes oxidized upon binding to these liposomes, the authors dismissed this possibility on the basis of the observation that in the absence of any reductant, the addition of NaCl led to a recovery of the MCD signal assignable to the reduced state of the protein. They instead proposed the generation of a protein conformation with a ferrous high-spin state, in which the Fe-M80 linkage is broken. Their assignment seems to be consistent with the finding of Droghetti et al. that ferrous cytochrome c can switch into a pentacoordinate high-spin (pcHS) state upon interaction with sodium dodecyl sulfate micelles and phospholipid vesicles (Droghetti et al. 2006 ).
Kalanxhi and Wallace investigated the binding of a variety of cyt r derivatives to liposomes formed with a mixture of PC, PE, and CL in a 5:4:3 ratio. For horse heart cyt r , their data indicate a binding affinity of ca. 10 5 M −1 (Kalanxhi and Wallace 2007) . The observed binding process was at least partially inhibited in the presence of NaCl. The authors proposed a model that follows the Kinnunen concept by invoking a two-step process, with electrostatic binding as the primary and the subsequent insertion of a CL alkyl chain into the hydrophobic channel of the protein as the secondary process. The latter could produce the high-spin state reported by Nantes et al. (2001) Vos and coworkers started their experiment by allowing mostly oxidized horse heart cytochrome c to bind to liposomes formed with ca. 30% CL/70% PC (Kapetanaki et al. 2009 ). Thereafter, they reduced the protein. In a third step, they allowed the protein to react with CO, which yielded a hexacoordinate low-spin (hcLS) protein with CO as the distal ligand of the heme iron. In this experiment, reduction is likely to produce a pentacoordinate high-spin state that easily binds CO as a ligand.
Serpas et al. carried out a somewhat more thorough study on cyt r binding to SUVs with 20%TOCL/80%DOPC (Serpas et al. 2016) . Figure 21 shows how the Soret band CD, absorption, and W59 fluorescence change in the presence of liposomes. The absorption band shifts to the blue and the CD signal converts into a couplet which with increasing lipid concentration converts into a positive Cotton band. These data are clearly indicative of a conversion into a native oxidized state followed by a transition into a non-native oxidized state. This observation was further corroborated by the appearance of the 695 nm charge transfer band. Figure 22 shows fluorescence and CD response data that were analyzed with an extended version of the model proposed by Pandiscia and , not in M −1 as indicated in the axis legend. (Serpas et al. 2016) with permission added to the sample. In the type II experiments, each data point represents an independent experiment with a fresh mixture of liposomes and proteins.
Summary of binding studies
Other discrepancies must be kept in mind. It is unclear how the addition of NaCl can inhibit A-site binding which indicates reversibility, whereas the addition of liposomes does not cause any redistribution of bound cytochromes (Rytömaa and Kinnunen 1995) . A-site binding is clearly electrostatic, while the low affinity binding process reported by Pandiscia and Schweitzer-Stenner is only indirectly affected by the addition of salt (i.e., by stabilizing the native-like over non-native-like conformations of adsorbed proteins) (Pandiscia and Schweitzer-Stenner 2015b) . We wonder whether the direct interaction of anions (Na + ) stiffens the membrane, reduces the depth of protein penetration, and thus facilitates the dissociation from the liposome surface (Böckmann et al. 2003) . Moreover, one has to take into account that the binding observed by Kinnunen and coworkers starts at very high lipid to protein ratios where the influence of NaCl on the overall binding affinity is higher that it is at low lipid concentrations. That could in part explain why the influence of NaCl seems to be much more pronounced in experiments where cytochrome c is added to a fixed amount of liposomes. However, even the binding affinity that Pandiscia and Schweitzer-Stenner reported for high lipid to protein ratios does not account for the high affinity binding indicated by the results of type I binding experiments (Pandiscia and Schweitzer-Stenner 2015b) , so that one may doubt whether their experiments and those of the Kinnunen group involve the same binding site. The mechanism for the proposed C-site binding is somewhat unclear, because multiple lines of experimental evidence rules out a partial protonation of phosphate groups above pH 4 (Malyshka et al. 2014; Sathappa and Alder 2016; Kooijman et al. 2017) . The L-site binding reported by Kawai et al. seems to be on more solid footing. Experiments with mitoplasts revealed its biological relevance (Kawai et al. 2005 (Kawai et al. , 2009 . The binding studies of Milorey et al. confirmed its electrostatic character and provided evidence for the concomitant population of high-spin states caused by the protonation of a second histidine ligand that replaces M80 as ligand in the non-native state population of CL-bound cytochrome c (Milorey et al. 2017) .
From a biological point of view, the question arises to what extent the observed binding processes represent the interaction of cytochrome c with the inner membrane of mitochondria. Earlier work by Cortese et al. revealed a somewhat more complex picture in that it suggests an ionic strength-dependent equilibrium between populations of membrane-bound cytochromes with different electron transfer activity (Cortese et al. 1998) . Their results suggest that only a small fraction of mitochondrial cytochrome c is bound to the inner membrane at physiological conditions, the rest (ca. 100 μM) diffuses freely in the intermembrane space (Gupte and Hackenbrock 1988) . This clearly suggests that cytochrome c binding to the innermembrane is mostly electrostatic in nature and that it is therefore substantially reduced by electrostatic screening due to the high NaCl concentration (120 mM). In view of the slightly acidic pH at the innermembrane surface, it seems reasonable to assign a major physiological role to the only recently discovered L-site binding (Kawai et al. 2009 ). Generally, the relationship between the characteristics of cytochrome c binding to anionic membranes in solution and the innermembrane of mitochondria still needs to be established.
Conformations of cytochrome c on anionic membrane surfaces
Some aspects of conformational changes of cytochrome c induced by binding to anionic lipids have already been mentioned in the preceding chapter. Here, we give a more systematic account of structural studies.
Obviously, investigating structural properties of proteins bound to membrane surfaces is not a straightforward task. X-ray crystallography is not an option. Solution NMR is not either. Solid-state NMR has been recently employed (vide infra), but this method is too demanding for a systematic study of structural changes. Therefore, structural studies using a variety of spectroscopic techniques have focused on specific aspects of structural changes rather than on a complete determination of protein structures.
While focusing on structural changes of the protein, we will also briefly address proposed changes of the membrane surfaces induced by the binding of cytochrome c. Here, we will pay particular attention to recent studies on gigantic unilamelar vesicles (GUVs) which provided strong evidence for pore formation and incorporation of bound proteins into the interior of such vesicles.
Earlier structural studies
Since this review focuses on recent work on cytochrome c interactions with anionic surfaces, we mention only a few studies carried out in the 80s and 90s, which provided the framework for later research.
In the 70s and 80s, several spectroscopic studies indicated that the binding of cytochrome c to cardiolipin-containing vesicles leads to changes of the membrane structure and also alters the protein's conformation. Vincent et al., for instance, used electron paramagnetic resonance spectroscopy at 13 K to observe that complexation of cyt o with bovine cardiolipin produced a small population of high-spin states and a change of the crystal field of the heme ligands for the hexacoordinate low-spin majority of the lipid bound proteins (Vincent et al. 1987) . The experiments were conducted at pH 7.0 (where the L-site binding can be expected to start at room temperature) and with rather low lipid/protein ratios. The modified hexacoordinate low-spin state was found to exhibit larger tetragonal and rhombic distortions of the crystal field. The latter is indicative of a B 1g -type deformation of the heme macrocycle, which is known to particularly large in ferric hexacoordinate low-spin systems due to static Jahn-Teller deformations. The latter occur if the Fe 3+ ground state with exhibits E-symmetry in an ideal D 4h -symmetry (Schweitzer-Stenner et al. 2000) .
In the late 80s and 90s, Hildebrandt performed a series of resonance Raman studies to explore changes of the heme's ligation and spin state upon binding to anionic surfaces. First, Hildebrandt et al. found that the binding of horse heart cyt o to negatively charged surfaces and lipid dispersions at neutral pH produces an equilibrium between two states, a low-spin state termed cyt 2 3+ and a pentacoordinate high-spin state (Hildebrand and Stockburger 1989; Hildebrandt and Stockburger 1989; Hildebrandt et al. 1990 ). For the former, they reported a more open heme crevice compared with the native state III that the protein adopts in solution. Subsequently, Heimburg et al. followed up on their studies by using resonance Raman spectroscopy to examine the equilibrium between cyt 2 3+ and high-spin species after cyt o was allowed to react either with 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG) or mixtures of DOPG with DOPC and DOG (1,2 dioleoyl-snglycerol) (Heimburg et al. 1991) . For DMPG, the equilibrium between the modified and native low-spin species was found to shift to the former upon the membrane's transition from a gel-like into a liquid like phase. Figure 23 shows how the contribution of different spin and ligation states to the spin marker band ν 3 at 1500 cm −1 and spectral distributions in the low wavenumber region are modified when DOG lipids are added to DOPG. Apparently, DOG stabilizes the native low-spin state, which clearly indicates that the ligation state of the heme depends on the lipid composition. 31 P NMR results suggest that this change of spin equilibrium might be related to increasing curvature of the membrane which at very high mol% of DOG (50 mol%) leads to an inverted hexagonal phase.
Finally, we like to briefly discuss one of the rare kinetic studies aimed at exploring the reaction of cyt o with anionic lipid vesicles by Pinheiro et al.(1997) . They combined the stopped-flow technique with fluorescence and absorption measurement to investigate the binding of cyt o to DOPs vesicles. The lipid to protein ratio was very large (in the 10 3 region). Their results revealed an unfolding of the native state at a rate of 1.5 s −1 , which finally lead to the formation of a lipid-inserted denatured state. The experiments were carried out at neutral pH. The denatured protein was found to still (Milorey et al. 2017 ) with permission exhibit a secondary structure content very similar to that of the native state. In view of the very high lipid to protein ratio used by these authors, the result is very much in line with the model of Pandiscia and Schweitzer-Stenner (2015b) , which allows for a dominance of the f-state at these conditions. It is also in agreement with structural studies of the Pletneva group, which we discuss in great detail below.
The lipid insertion model
In the preceding section of this paper, we already mentioned that Kinnunen and coworkers proposed a binding model according to which electrostatic binding is augmented by the insertion of one of the four lipid chains of cardiolipin into the hydrophobic crevice of the protein, which would have to undergo a structural change into a non-native state in order to facilitate such a step. Some direct evidence for lipid insertion was derived from fluorescence quenching experiments (vide supra). Kalanxhi and Wallace chose a more indirect approach (Kalanxhi and Wallace 2007) . They compared the bonding of several yeast cytochrome c derivatives (mutants and chemical derivatives) to CL-containing liposomes, wild-type horse heart cytochrome c, and a R81Nle derivatives of the latter (Nle: norleucine). Interestingly, they used cyt r for their experiments, which one would normally expect to strongly resist the required conformational changes. The utilized liposomes were 5:4:3 mixtures of PC/PE/CL. Their binding assay was unusual somewhat in that they probed changes of the difference of the absorptivity at 550 and 526.5 nm. The latter is an isosbestic point for any changes caused by a low-spin > h i g h -s p i n t r a n s i t i o n . I f o n e a s s u m e s t h a t a n y non-spin-related change effects the absorptivity at both wavelengths equally, any change of the difference solely probes spectral changes induced by a spin change of the heme iron. It is not clear, however, why the authors expected such a spin state change to occur. In their paper, they report that the Q 0 and Q v band of the typical cyt r spectrum merged into a single band upon binding to the above liposomes. However, this was also observed by Lee et al. and clearly related to a change of the redox state without any accompanying change of the spin state. Whatever the reason for the utilized spectral change was, there is no doubt that it could be used as an indicator for binding. The authors found a substantial spread of binding constants for their cyt r derivatives which they attributed to different capabilities to accommodate a lipid chain in the heme interior. Figure 24 shows the hydrophobic stretches that the authors proposed to accommodate a penetrating lipid.
Strong though still somewhat indirect support for a lipid penetration emerged from the work of Kagan et al., who showed that CL-bound cytochrome c catalyzes the oxidation of cardiolipin (Kagan et al. 2005) . Apparently, that requires a very close proximity of the lipid to the active site of the heme. The work of Kapralov et al. (2007) indicates a close correlation between conformational change, heme nitrolysation, and peroxidase activity, but contrary to later claims (Basova et al. 2007 ), this work and related papers do not provide any evidence for the population of a high-spin pentacoordinate state. With regard to the lipid insertion hypothesis, their data do not provide any additional support. The difficulty to unambiguously prove the validity of the hypothesis has been emphasized by Rajaopal et al. (2012) , who found that replacing several residues in the hydrophobic stretches of the yeast cytochrome c (S65, T69, N70, K72) by alanine has a very limited influence on the respective peroxidase activity. Only the replacement of R91 was found to affect the protein's stability. Interestingly, this mutation increases the Fig. 24 Illustration of the hydrophobic channel that may allow CLanchorage in cytochrome c. a The cleft that could accommodate one of the acyl chains in cyt c consists of non-polar residues comprising polypeptide strands 67-71 and 82-85 (ochre) with positively charged residues Arg-91 and Lys-72 (blue) at either extremity. b Space-filling model representing the two hydrophobic stretches. The protein structure was generated with the VMD molecular modeling program (Protein Data Bank accession code 1AKK). The figure and most of the caption was taken from ref. (Kalanxhi and Wallace 2007) with permission proteins peroxidase capability in solution, but this gain is nearly eliminated upon interactions with CL-containing liposomes. Altogether, it is our impression that the jury is still out about the validity of the lipid insertion model.
Binding and peroxidase activity
In 2005, Kagan et al. published a major study which firmly established the relationship between cytochrome c binding to the inner membrane of mitochondria, cardiolipin oxidation via a peroxidase reaction involving cytochrome c, the permeabilization of the outer membrane, and the release of proapoptic factors (including cytochrome c) into the cytosol, where they trigger the caspase cascades (Kagan et al. 2005) . Their data clearly show that this process requires the presence of cytochrome c. EPR-data revealed the production of an amino acid radical (most likely tyrosine) during the peroxidase process and mass spectroscopy data show that unsaturated cardiolipin is the target of the protein's peroxidase activity. In a later study from this laboratory, Kapralov et al. offered several lines of evidence for the involvement of Y67 as the likely donor in the oxygenase half-reaction of cytochrome ccardiolipin complexes (Kapralov et al. 2011) . Some results of this study seem to indicate that the gain of peroxidase activity requires a structural change of the protein and a switch from a low-spin to a high-spin state.
The Kagan group published several follow up papers of the above study. Here, we focus only on a few of them which we deem of particular relevance for illuminating the relationship between structure and function of cardiolipin-bound cytochrome c. Basova et al. conducted a comprehensive The employed molar ratios of TOCL/cyt c were 25:1 (curve 1), 50:1 (curve 2), 100:1 (curve 3), and 200:1 (curve 4). The figure and most of the caption was taken from ref. (Basova et al. 2007 ) with permission electrochemical study to address an important question, namely to what extent cytochrome c can maintain its high redox potential while bound to CL-containing membranes (Basova et al. 2007 ). Here, we mention only two of the numerous experiments these researchers carried out. Figure 25 shows the cyclic voltammograms of cytochrome c covalently attached to carboxylic acid terminated self-assembled monolayers covered gold electrons in and without the presence of 50 mol% TOCL/50 mol% DOPC. The reduction peak had moved from 220 to − 200 mV after 1 h. The oxidation peak shifted by ca. 50 mV to lower values. Overall, these observations are clearly indicative of a switch from a positive to a very negative redox potential, which was attributed to a change of the axial ligand.
In order to identify the redo x properties of TOCL-bound cytochrome c, Basova et al. carried out a titration experiment which involved the addition of sodium dithionite, the classical reducing agent for heme proteins owing to its very negative E 0 value of − 564 mV (Basova et al. 2007 ). The experiment was performed under anaerobic conditions and in the presence of gallocyanine, a redox dye with an E 0 value of 20 mV. Figure 26 shows the concentration of cyt r as a function of dithionite concentration. At low TOCL/cyt ratios (25:1 and 50:1), dithionite reduced cytochrome c while the dye remained oxidized. At higher TOCL/cyt ratios, however, the reduction of the protein required rather high concentrations of dithionate while gallocyanine was reduced. These results are indicative of a relatively high redox potential (> 100 mV) at low and relatively low potential (< 100 mV) at high TOCL concentrations. The authors estimated that the fraction of proteins with a negative redox potential was about 20% at a TOCL/cyt ratio of 25 and 90% at very high ratios (200). This suggests the existence of at least two populations of liposome-bound cytochrome c. In further experiments, Basova et al. investigated the influence of ascorbate (58 mV) and the O 2 /O 2 − couple on liposome-bound cytochrome c to more precisely identify the redox potential of the protein's non-native state. They arrived at the conclusion that the redox potential of cytochrome shifts negatively by 350-400 mV upon binding to TOCL-containing liposomes.
Structural analysis via fluorescence resonance energy transfer
This paragraph focuses on papers that the Pletneva group published nearly 6 years ago which shed some light on the conformational ensemble of liposome-bound cytochrome c. For most of their experiments, they used liposomes composed of 50 mol% TOCL and 50 mol% DOPC. The first of the above papers by Hanske et al. utilized Zn-substituted horse heart cytochrome c (Hanske et al. 2012 ). Additionally, they produced proteins with different fluorescence labels. To accomplish this task, they substituted four of the protein's amino acid residues (E4, K39, E66, and E92) with cysteine (Fig. 27) . Each derivative contained only one of these mutations. Dansyl fluorophores were then attached to these cysteine residues. Spectroscopic studies revealed that all these modifications do not significantly change the structure and stability of the protein. The authors measured the dansyl emission as an indicator of fluorescence resonance energy transfer (FRET) between the heme group of cyt o (acceptor) and the individual dansyl moieties (donor). In the native state, a significant fraction of the dansyl fluorescence is quenched due to FRET to the heme group. If the protein starts to unfold, distances between donor and acceptor increases, which causes the dansyl fluorescence to increase. The degree of FRET can be assessed by measuring changes of the fluorescence lifetime. If an ensemble of proteins is heterogeneous, one observes a distribution of lifetimes. This is what Hanske et al. observed for liposome-bound cyt o as well as for denatured proteins. All experiments were carried out at a very high lipid/protein ratio. The CL/cyt o ratio of their experiments was close to 500. This puts them into a regime where the low protein occupation of the liposomes' surfaces should allow for some unfolding of the protein (Pandiscia and Schweitzer-Stenner 2015b) .
Hanske et al. used an earlier developed algorithm to translate lifetime into distance distributions. The result of this analysis is shown in Fig. 28 . For the native protein, they observed rather narrow nearly Gaussian distributions that peak somewhere between 20 and 25 Å for all dansyl labels. Upon the addition of TOCL-containing liposomes, a very heterogeneous set of conformers with larger distance emerge for all four dansyl labels. This change is particularly pronounced for the dansyl attached to position 92, a residue which in the model of Englander and coworkers belong to low-stability foldon that contains M80 (Englander et al. 1998) . The author observed a more drastic increase of conformational heterogeneity for the denatured protein, which indicates that the proteins on the liposome surface are not completely denatured.
Hanske et al. invoked a two-state model to explain their results. They interpreted their results as reflecting an equilibrium between compact, more native-like states (C-conformations) and extended, more unfolded states (E-conformations). The absence of a 695-nm band in the optical absorption spectrum led them to conclude that most of the lipid-bound proteins had lost M80 ligand and were therefore at least partially unfolded. This view is corroborated by later results from our laboratory (Pandiscia and Schweitzer-Stenner 2015b) . For the extended state, they invoked a rupture of non-covalent interactions between the terminal helices, which are thus allowed to interact most effectively with the lipid surface (Fig. 26) . This model could be represented by a double well potential with very rugged potential surfaces. Local minima of the potential would correspond to conformational sub-states, which are all slightly different in structural terms (Hong et al. 1990 ).
The addition of NaCl shifts the equilibrium from E-to C-states. While the authors conclude that this involves some loss of bound proteins, their binding studies (vide supra) do not indicate a large inhibition with 150 mM NaCl. It is therefore much more likely that the observed distance changes just reflect a structural redistribution between the C and E sub-ensembles.
In a follow-up paper, Hong et al. attached another fluorophore termed bimane to the cysteine group at position 92 (Hong et al. 2012) . Results from FRET studies utilizing the bimane-heme pair very much corroborated the two-state model of Hanske et al. (2012) . Moreover, they found that an increase of the concentration of cytochromes and thus of the occupation density on the surface of liposomes lead to as shift toward the C-conformation ensemble. An increase of the C-content of liposomes from 10 to 50 mol% increases the E-fraction from ca. 5 to 60%. Fluorescence correlation experiments revealed a very fast (sub-ms) exchange between C-and E-conformations.
How do the results of these very comprehensive mostly structure-oriented studies of the Pletneva group fit into the picture that emerge from the thus far cited binding and structural studies? Let us start with the lipid insertion model. It is neither falsified nor verified by the FRET results. As pointed out by Hong et al. (2012) , only the compact structure could (Pandiscia and Schweitzer-Stenner 2015b) . It is doubtful that such a conformation could accommodate a lipid chain. The results of Hong et al. further suggest that the addition of NaCl affects the protein's conformational distribution by shifting it toward C. However, their data do not reveal whether the initial binding is actually affected. The observed changes are not reminiscent of the NaCl influence on A-and L-site binding. As we outlined above, the binding affinity measured by Hanske et al. is much lower than that of Kinnunen's A-site binding.
In addition to the work referenced above, the Pletneva group conducted a very illuminating kinetic study, where they measured the fluorescence of the above introduced dansyl labels as a function of time in the presence of different concentration of 50 mol% TOCL/50 mol% DOPC liposomes. Muenzner et al. identified a burst phase (fluorescence change within the dead time of the employed stop flow instrument) and three kinetic phases with corresponding amplitudes different for the used dansyl labels ). The authors found that the amplitude of the burst phase increases with increasing liposome concentration. The amplitude of the first detectable phase was found to be generally small and the related time constant did not depend on the lipid concentration. The apparent rate constant of the second phase was also found to be independent on the lipid concentration. In contrast to these observations, the authors observed a significant lipid concentration dependence of the third apparent rate constant. These and other observations led them to suggest a reaction mode that is visualized in Fig. 29 . The authors considered the first binding step as electrostatically driven. Based on work of the Spiro group, they suggested that subsequent conformational changes require a rupture of the H26-P44 hydrogen bond (Balakrishnan et al. 2012) . That would release H26 for ligation of the heme iron. In the last step, the linkage between the C-and N-terminal helix breaks which allows the former to unfold. Overall, this leads to the extended structure obtained from the above FRET studies.
Apparently, there are a lot of similarities between the results of the Pletneva group and those of Pandiscia and Schweitzer-Stenner, which were reported several years later. The respective apparent binding affinities are comparable. One would be tempted to relate their nf-state to the C and their f-state to E. Differences and similarities, however, are noteworthy. Both models predict an increase of the more unfolded state over the more native-like state with increasing CL-content, but the effect seems to be much more pronounced 4) The 50s helix and the beginning of the C-terminal helix insert partially into the membrane and anchor the protein, while the 60s helix interacts flat with the membrane surface. The 40s Ω loop is pulled closer to the membrane, while staying in relatively close proximity to the heme group. The end of the C-terminal helix largely unfolds and N-and C-terminal helix contacts are broken, leading to an extended protein conformer E with an easily accessible heme group. The figure and most of the caption was taken from ref. ) with permission Schweitzer-Stenner (2015b), any such comparison should be cautioned since CL-membranes on a gold electrode might differ from vesicles in solution regarding to their response to protein binding.
Recent structural studies
An interesting approach to study the secondary structure of cyt o on bilayer surfaces (not liposomes) formed with bovine CL and DPPG has been undertaken by Nguyen (2015) . This author utilized chiral sum frequency generation vibrational spectroscopy, which is an ideal tool to examine molecules on surfaces. The measurements were performed in 20 mM phosphate buffer at pH 5.5 and 7.2. From an analysis of their amide I signal, the author concluded that the protein undergoes a structural change into a mostly β-sheet structure with different orientations at the two investigated pH values. Unfortunately, the author did not acknowledge that his results contradicted other results on the secondary structure of liposome-bound cytochrome c, which did not indicate any major formation of β-sheets (Hong et al. 2012) . His results are somewhat reminiscent of findings reported by Spiro and coworkers who found and 8.33 kHz MAS, and processed with a cosine-bell apodization function and zero-filling to twice the original size. Selected spectra are scaled as indicated. The figure and most of the caption was taken from ref. (Mandal et al. 2015) with permission that unfolded cytochrome c can form β-sheet like fibrils at pH 3 and high temperatures (Balakrishnan et al. 2012) .
A m ore revealin g study o n the structure of cardiolipin-bound cytochrome c was carried out by Mandal et al. (2015) . These authors employed solid-state NMR to 13 C and 15 N labeled cyt o , which was allowed to react with LUVs containing 25 mol% TOCL and 75 mol% DOPC. The chosen lipid/protein ration of 40/1, which corresponds to an effective TOCL/cyt ration of 5, is very low. Under these conditions, the ensemble of membrane-bound proteins can be expected to be dominated by proteins with a native-like state in which M80 is still an axial ligand (Pandiscia and Schweitzer-Stenner 2015b) . Interestingly, the authors observed a significant increase of peroxidase activity. The authors used two different solid-state NMR techniques involving ' 1 H-13 C cross polarization' (CP) and 'insensitive nuclei e n h a n c e d b y p o l a r i z a t i o n ' ( I N E P T ) t o s t u d y membrane-bound horse heart cyt o and cyt r . They performed measurements at 271, 257, and 236 K and found a general increase of signal intensities with decreasing temperature (Fig. 30) . At 271 K, both spectra display mostly signals from lipids. With decreasing temperature, the CP spectrum becomes more populated by protein signals, while the INEPT spectrum remains mostly a lipid indicator. The authors drew the following conclusions from their results. First, the data reveal that membrane-bound cytochrome c is less mobile than the alkyl chains of the lipid which indicates a rather compact and inflexible structure. Second, the immobilization of the protein must be coupled primarily to the head groups while leaving the alkyl groups of the tails mostly unaffected. The absence of major unfolding was then confirmed by results from 2D magic angle spinning NMR spectroscopy that did not reveal any major structural disorder. FTIR spectroscopy indicated a mostly intact secondary structure. Their results further suggest that the LUVs retained their lipid bilayer structure and the penetration into the membrane is limited. In order to reconcile their findings with the observed increase in peroxidase activity, the authors hypothesized that local dynamics close to the active site could facilitate interactions with substrates.
If one relates the results of this very comprehensive study to the insight gained by spectroscopic and FRET experiments, however, they do not really come as a surprise. As indicated above, the population analysis of Pandiscia and Schweitzer-Stenner predicts a dominance of the native-like nf(C)-conformations for the experimental conditions chosen (Pandiscia and Schweitzer-Stenner 2015b) . One should also emphasize that all NMR experiments were performed at temperatures significantly below room temperature, which should stabilize the native-like states further. The peroxidase measurements, however, were carried out at room temperature, where the fraction of non-native nf(C) conformations is low, but not totally negligible.
Investigating alternative structures in solution
Since structural studies on cytochrome c bound to membrane surfaces is a tedious business, some research group have investigated some non-native structures in solution instead. These investigations were aimed at finding clues about how such structures could actually resemble conformations adopted by the membrane-bound protein. Here, we focus on two most recent studies which involve X-ray crystallography of the investigated proteins.
Amacher et al. conducted a very thorough study of the oxidized state of a yeast protein derivative in which four natural amino acid residues were substituted by others (K72A/C102S/T78C/K79G) (Amacher et al. 2015) . The authors focused only on the effect of the last two mutations and considered the K72A/C102S as pseudo-wild type. This is justified because none of these mutations has a significant impact on the protein's structure which still exhibits M80 as axial ligand. The C102S replacement is routinely used to avoid dimerization of cytochrome c, while the K72A substitution prevents M80 from being replaced by K72 as heme ligand. Spectroscopic properties of the above mutant in solution all point to the C78 thiolate as the sixth ligand of the heme iron. That made cytochrome c more similar to cytochrome c P450. However, to the authors' surprise, they found that the only near heme pocket lysine that had not been eliminated was the sixth ligand in the crystal structure of the protein. The necessary structural arrangement involved a disulfide bridge between two proteins and the formation of a β-hairpin involving P76 and G77 (Fig. 31) . The observed structure was rather compact. In order to conduct some functional studies on this particular conformation, the authors carried out peroxidase assays with maleimide-modified T78C/K79G mutants, the spectroscopic properties of which suggest that it is a solution analogue to the structure explored by X-ray crystallography. They found that the peroxidase activity of these derivatives is higher than that of the corresponding pseudo-wild type and even higher than the values for M80A mutants. They also observed a high peroxidase activity for T78C/K79G solutions in crystal drops where lysine is still the axial ligands. Their results contrast finding regarding the alkaline IV states of cyt o in solution which exhibit a lower peroxidase activity than even the native state. Overall, these results kept lysine as a possible ligand of liposome-bound cytochrome c in the race.
The second work to be considered is a paper by McClelland et al. (2014) . They reported a 1.45-Å resolution X-ray structure of a yeast cytochrome derivative in the trimethyllysine was replaced by an alanine. As shown in Fig. 32 , this led to a replacement of M80 by a water molecule as sixth ligand. As one would expect for such a conformation, this structural modification enhances the peroxidase activity of the protein. The authors discovered a water channel that facilitates the access to the active site and provide a conduit for proton translocation. From their data, they inferred that the N38 residue mediates the opening and closing of the water channel. They hypothesized that this process could serve as a gating mechanism for the peroxidase process.
The studies cited above reveal that specific mutations of cytochrome c can lead to rather stable non-native structures of cytochrome c. Horse heart, human, and yeast cytochrome c differ in terms of their peroxidase activity in the native as well as in the partially unfolded alkaline state. These functional differences seem to reflect the influence of amino acid residues at the positions 72, 81, and 83 on the dynamics of the so called Ω-loop (McClelland et al. 2014; Nold et al. 2017) . . In all images, the cyan lipid dye is 0.5 mol% NBD-PE. Average normalized cytochrome c and dextran concentration for each vesicle interior vs. background is plotted. The figure and most of the caption was taken from ref. (Bergstrom et al. 2013) with permission Whether or not they are of relevance for an understanding of cytochrome c-cardiolipin complexes remains to be seen.
Membrane changes
There is an ongoing debate about whether or not the binding of cytochrome c to CL-containing vesicles can induce major changes of the membrane. Very early NMR studies by de Kruijff and Cullis seem to indicate that cytochrome c penetrates into the interior of vesicles while the membrane adopts an inverted hexagonal phase (De Kruijff and Cullis 1980). Heimburg et al. studied cytochrome c-vesicle interactions by combining resonance Raman with 31 P NMR (Heimburg et al. 1991) . They found that the admixture of DOG to DOPG facilitates the increase of the bilayer curvature of vesicles upon cytochrome binding, which leads to the earlier proposed inverted hexagonal phase. Choi and Dimitriadis studied cytochrome c adsorption to DOPG with atomic force microscopy (Choi and Dimitriadis 2004) . They interpreted their results as suggesting that cytochrome c does indeed penetrate into the membrane, but in their experiments the proteins were found to reside in the hydrophobic core rather than in the interior of the utilized vesicles. Gorbenko et al. analyzed FRET between lipid attached fluorophores the heme group of cyt o bound to CL/PC LUVs. Based on their results, they concluded that the protein penetrates the membrane only at pH < 6 (Gorbenko et al. 2006) .
The clearest direct evidence for cytochrome c penetration into the membrane of CL-containing vesicles was more recently provided by very elegant microscopic experiments performed by Bergstrom et al. (2013) . These authors labeled yeast cyt o with Alexa Fluor 633 maleimide attached to C102. They allowed the labeled proteins to react with gigantic unilamelar vesicles (GUVs) composed of 20 mol% CL and 80 mol% DOPC. Confocal microscopy images shown in Figs. 32 and 33 reveal that the labeled cytochrome interacted with the GUVs in a way that allowed for their penetration into the vesicles interior. In order to check the extent of pore formation, the authors took images of their GUVs mixed with fluorescent 10-kDa dextran in the presence and absence of cytochrome c. Only for the latter case did the authors observe that the probe penetrated the membrane. This result suggests that cytochrome c binding produced (metastable) membrane pores through which the labeled dextran could move into the vesicles interior. From an analysis of their data, they proposed a scenario where a negative membrane curvature is formed with respect to the membrane surface and a positive curvature with regard to the normal to the membrane surface.
Another very elegant and novel approach to study cytochrome c-cardiolipin interactions has recently been presented by Kitt et al. (2017) . They combined Raman spectroscopy with optical trapping to monitor simultaneously structural changes of the protein and the membrane of 40 mol% CL/60 mol% DPPC vesicles upon cytochrome c binding. In addition, they used the Raman spectra of membrane-impermeable tracer, 3-nitrobenzenesulfonate, as indicator of membrane permeabilization. The chosen excitation wavelength of 647 nm served multiple purposes. With regard to cytochrome c, it enabled the authors to monitor heme vibrations owing to pre-resonance enhancement with what is most likely the vibronic side band of the 695 nm band, which is assignable to a S(M80)-> Fe 3+ transition. Moreover, protein bands from aromatic residues and amide bands could be observed for probing changes of the secondary and tertiary structure. Second, they could probe marker bands diagnostic of the lipid structure. By using fully deuterated cardiolipin chains, their contributions could be isolated. Finally, spectral changes assignable to the above tracer were used as an indicator of pore formation. They found that cytochrome binding causes solely changes of the cardiolipin alkyl chains indicating increased disordering and a decreased intensity of bands assignable to vibrational modes of cis-double bonds. Changes in the tracer spectra were diagnostic of pore formation. The reduction of contributions from heme vibrations could be attributed to the elimination of M80 ligation.
While the work of Bergstrom et al. provides clear cut evidence for cytochrome c penetration into the CL-containing membrane and pore formation (Bergstrom et al. 2013) , caution has to be exercised when one compares their study with those which did not reveal any evidence for protein penetration. It must be noted that the GUV-based studies were carried out with rather low lipid/protein ratios (< 1), which allow for a significant surface pressure exerted by the bound proteins. From the description of their experiments, we could not infer the lipid/protein ratio of the Raman experiments of Kitt et al. (2017) . All studies where results are inconsistent with a significant penetration of cytochrome c were carried out with much higher lipid/protein ratios (Hanske et al. 2012; Hong et al. 2012; Mandal et al. 2015; Pandiscia and Schweitzer-Stenner 2015a, b) . This notion even applies to the work of Mandal et al., which was carried out in a low lipid/protein region where native-like states are favored (Mandal et al. 2015) . It is likely that the propensity for penetration depends not only on the protein density on the surface but also on the lipid composition of the membrane and the size of the vesicles. Obviously, more work needs to be done to describe the conditions for membrane penetration more exactly.
Summary and outlook
This review is aimed at delineating the current status of knowledge about the relationship between cytochrome c binding to anionic lipid surface, the structures it can adopt on such surfaces, and the changes of its functional properties. We tried to emphasize some unresolved issues where further clarification is warranted.
